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" An integrated device, which consists of a variable amplitude splitter and an orbital angular

. momentum (OAM) emitter, is proposed for the superposition of optical vortex beams. With fixed
wavelength and power of incident beam, the OAM of the radiated optical superimposed vortex beam
. can be dynamically tuned. To verify the operating principle, the proposed device has been fabricated
. on the SOI substrate and experimentally measured. The experimental results confirm the tunability

. of superimposed vortex beams. Moreover, the ability of independently varying the OAM flux and the
. geometric distribution of intensity is illustrated and discussed with numerical simulation. We believe
. that this work would be promising in various applications.

© Vortex beams, with an azimuthal component of Poynting vector due to the helical wave front, carry opti-
. cal orbital angular momentum (OAM). Introduced by Allen in 1992, such beam has a phase component
- of exp(jle) and the corresponding OAM of Ii per photon, where [ is the topological charge. As OAM is
. independent of spin angular momentum (SAM), it provides a new degree of freedom for photons. These
. features of vortex beams are extremely attractive for applications of optical communication®*, quantum
* information®7, and particle manipulation®!°. Superimposed vortex (SV) beam is the linear superposition
. of vortex beams with different topological charges. Based on the full understanding of OAM, a growing
* interest in SV beams could be witnessed recently. The relative amplitudes of vortex beams involved in
. the superposition could be varied so that more flexibility is obtained. Intuitively, the relative amplitudes
- could serve as carriers of information in wireless communication''. By increasing the number of vortex
. beams involved in the superposition, it is possible to provide arbitrary OAM qudit states for quantum
. information'2. Actually, SV beams are also more potential in particle manipulation. Size-selective optical
© trapping and velocity-tunable optical rotating have been readily achieved!'>!*.

: For each of the aforementioned applications, a device of SV beams is fundamental and essential. Till
. now, there are two general approaches reported to generate a SV beam. One is mixing the pre-generated
© vortex beams together directly's, while the other is using a computer-generated hologram screened on a
: spatial light modulator (SLM)!¢. However, both of the two methods require a supporting optical system
. with huge footprint, including several optical lenses and apertures. Fortunately, photonic integration
: could overcome the shortcoming of bulk optics due to the miniaturization and scalability. And it is
- inspiring to notice the recent progresses on integrated OAM emitters, as several approaches have been
. reported based on various micro/nano-structures>*!”. Moreover, the generation of a specific SV beam
* whose total OAM equals to 0 has been demonstrated using integrated emitters'®.

Following these previous efforts, an integrated device for the superposition of vortex beams is pro-
. posed and demonstrated in this work. This generator consists of a variable amplitude splitter (VAS) and
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Figure 1. The schematic of the device for the superposition of vortex beams, which consists of a VAS
and an OAM emitter .

an OAM emitter based on a ring cavity. In the VAS, an incident beam is firstly divided into two beams.
By varying the refractive index of silicon, the relative amplitudes of such two beams could be tuned. After
injected into the emitter, two collinear vortex beams would be scattered into free space by grating ele-
ments, with equal but opposite topological charges. These two vortex beams are coupled into a SV beam
naturally. In the experimental work, the proposed device has been fabricated on the SOI substrate with a
thermal tuning unit. With comparison between the numerical and experimental results, generation of SV
beams with tunable OAM is confirmed. It is also theoretically explained in detail how the dependence of
the OAM flux and the geometric distribution of intensity could be successfully decoupled.

Results

Principles. An integrated OAM emitter has been recently proposed!’, which is schematically shown
in the right part of Fig. 1. The topological charge of vortex beam is determined by the wavelength and
the structural parameters of emitter. Actually, the helical directionality of vortex beam, right-handed
or left-handed, is also determined by the propagating direction of whispering gallery mode (WGM)
involved in the ring cavity. Specifically, counter-propagating WGMs of the same resonant wavelength
have exactly inverse phase gradient distributions and would introduce vortex beams with equal but oppo-
site topological charges. Therefore a SV beam could be radiated with two counter-propagating WGMs
in the ring cavity. The OAM of the SV beam is a linear combination of that carried by the two vortex
beams involved and could be varied by tuning their relative amplitudes'®. Based on the above concept,
an integrated device is proposed for the superposition of vortex beams as shown in Fig. 1, which is con-
sisted of two components, i.e., a VAS and an OAM emitter. It should be mentioned that the propagation
mode in the waveguide is only considered as the fundamental quasi-TE mode, which could be excited
by controlling the polarization of incident beam.

The VAS is used to split the incident beam into two coherent counter-propagating WGMs in the ring
cavity with defined relative amplitudes, namely clockwise beam (E,,, representing the complex ampli-
tude) and counterclockwise beam (E,.,,). The VAS consists of a symmetric Y-branch splitter and a direc-
tional coupler, with two phase shifters inserted between them. The incident beam is equally divided into
two beams after the Y-branch splitter'®. The phase shifter of each arm afterwards introduces an additional
phase shift to the corresponding beam by varying the refractive index of silicon, noted as A, and A6,.
The directional coupler, which is considered as a lossless reciprocal component, then turns the two beams
into E,,, and E_,, as follows®

. —ﬁE-ejAel NG
[Ecw ] [ cos(kd) —j sin(kd)|| o 7 | A Ee e
E., —j sin(kd) cos(kd) ﬁE.ejAez AccwEiejAgffW )
1

(1)

where d is the coupling length as shown in Fig. 1 and k is the coupling coeflicient of two quasi-TE modes
in the directional coupler, with real amplitude factors (A,,,A..,) and phase offsets (Ad,,,A0,.,) given by
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As the transmission and scattering losses are ignored in the VAS, the total power is conserved and
given by

cw2 + |Eccw|2 = (Aczw + AZ ) ‘Ei|2 = |Ei‘2' (3)
E.,|

ccw
Here, the amplitude ratio of two beams is defined as'*
_ ‘Ecw‘ — |Eccw| _ Acw — Accw
‘ECW‘ + |ECCW| ACW + ACCW (4)

which is within the range of [—1, 1] when sin(2xd) = % 1. With given value of sin(2xd), the amplitude
ratio r is only determined by the introduced phase shift difference, i.e., Af,—A6,. By tuning the phase
shift difference, two coherent counter-propagating WGMs involved in the ring cavity with defined r
would be consequently generated after the VAS.

As illustrated in reference', the topological charge I of the emitter satisfies

I= NWGM - NGmting7 (5)

where Ny, is the azimuthal order of the WGM and N, is the number of grating elements uniformly
located around the inner sidewall of the ring cavity. By tuning the corresponding wavelength of the inci-
dent beam, the azimuthal order of WGM is varied and then the topological charge of vortex beam could
be properly set. In reference'’, only one incident beam (E,,,) is considered. In our device, however, two
counter-propagating incident beams are considered at both ports of the bus waveguide simultaneously.
E., would introduce vortex beam with equal but opposite topological charge with respect to that of E_,,.
Therefore, the topological charges of the vortex beams introduced by E., and E,,, are notated as [,,, and
I..,, with the relation.
—1l,=1l.,=1 (6)
Once the wavelength A and power of incident beam is given, the scattering power P, for either E_, or
E., is identically the same due to the symmetry of OAM emitter. After scattered by the grating elements,
the OAM carried by the SV beam per unit time could be expressed as

cw

_ Pscat)‘
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In equation (7), the term of represents the number of photons. For the certain case where there

c
is only one single photon within the SV beam PTC‘A = 1), the amplitude ratio r provides the probability
of the photon with measured value of — I or I when one tries to obtain its OAM. At the macroscopical
scope with a great amount of photons P‘hf—?)‘ > 1), however, equation (7) clearly states the fact that the

result of total OAM divided by the number of photons is a continuous or ‘analog’ variable quantity that
takes a value anyway between —Ih and Ih. Consequently, once the wavelength and power of incident
beam is given, the OAM of SV beam is only determined by r.

Till now, the operating principle of our proposed device for SV beams has been demonstrated. By
varying 7, the OAM of SV beam could be tuned. According equation (2) and equation (4), varying r
could be readily achieved by tuning the phase shift difference Af,—A6f, with thermal-optic effect or
plasma dispersion effect?!.

Characteristics of radiated SV beams

The inputs to the OAM emitter are analytically based on equation (1) and therefore a single FDTD
simulation suffices to determine the characteristics of radiated SV beams. Fig. 2 shows the upward (+2)
power spectrum (solid line) of the emitter. This spectrum is obtained by normalizing the power flow
with respect to the input of ring cavity at one direction (E,, or E,,), representing the emission power
conversion efficiency from the incident beam to the radiated beam. According to equation (5), by visually
counting the azimuthal order of WGM, the topological charges of vortex beams introduced by E,,, are
shown by solid circles. The topological charge of E,, introduced vortex beam is equal but opposite to
that of E,.,, at the same resonant wavelength, as mentioned in equation (6). Thus the topological charges
of vortex beams introduced by E,,, are shown by solid squares in Fig. 2.

By choosing the wavelength of incident beam at a certain resonant peak, a SV beam would be gen-
erated with two corresponding opposite topological charges. As a concrete example, the wavelength of
incident beam is selected as A=1490.61nm and thus [=7. Fig. 3 (a—c) shows the amplitude and phase
(the argument extracted from the complex amplitude) profiles of the radial components and the corre-
sponding Poynting vectors of radiated SV beams. The lengths of Poynting vectors, which representing the
magnitudes of energy flux in the focus plane, are normalized with the same factor for easier observation.

SCIENTIFIC REPORTS | 5:10958 | DOI: 10.1038/srep10958 3



www.nature.com/scientificreports/

0 . 10

Normalized power (dB)
Topological charge

L L L L L L L -10
1480 1500 1520 1540 1560 1580 1600 1620 1640

Wavelength (nm)

Figure 2. The power spectrum (solid line) of the emitter. The solid squares and the solid circles are the
topological charges of vortex beams introduced by E,,, and E,,,, respectively.
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Figure 3. The amplitude and phase profiles of radial components of radiated SV beams when /=7. (a-b)
(c) The corresponding Poynting vectors of radiated SV beams.

For r=1, the OAM of any single photon is —7# if measured, which can be confirmed from the phase
profile. In the first figure of Fig. 3(b), the phase profile is smoothly varied |I| times from —7 to 7 with
azimuthal angle and the rotating direction is clockwise as shown by the Poynting vectors in the first
figure of Fig. 3(c). For r= —1, however, the corresponding OAM of any single photon is 7% and the SV
beam would rotate counterclockwise along the azimuthal direction. For both two cases, the SV beam is
actually a pure vortex beam with well-defined topological charge, which is consistent with equation (7).

For the general cases of r= = 1, the SV beam is actually composed of two pure vortex components.
Here, two concrete cases are shown. For r=0, the two components with inverse rotating direction have
equal amplitudes so that the SV beam would be standing wave along the azimuthal direction and there are
21| bright radial intensity fringes distributed around the center as shown in the third figure of Fig. 3(a).
From the corresponding phase profile, it could be found that the phase variation is almost binary along
the azimuthal direction. It is actually similar as a cogwheel in mechanics and therefore named as cog-
wheel beam". The clockwise and counterclockwise Poynting vectors have the same amplitudes so that
the total Poynting vectors are completely destructive as shown in the third figure of Fig. 3(c). For r=0.5,
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Figure 4. The top view of our fabricated device .

the clockwise component is dominant, though partially interfering with the counterclockwise compo-
nent. The rotating direction of the SV beam, which could be observed through the Poynting vectors, is
determined by the dominant vortex component involved as propagating standing wave. Unsurprisingly,
the amplitude and phase profiles are between the cases of r=1 and r=0.

Generally, the contrast of amplitude profile is increasing as |r| approaching to 0 from 1, resulting
in bright radial fringes to the originally blurred profile. Simultaneously, the phase profile is sharpened
from a smoothly varying helical distribution to a binary one, losing its helicity gradually. Meanwhile, the
original Poynting vectors are decreasing while the counter rotating Poynting vectors are increasing, thus
the total Poynting vectors are decreasing.

Although the wavelength of incident beam is selected as A= 1490.61nm with [=7, it is of no surprise
that the characteristics of SV beams would be quite similar for situations of other resonant wavelengths
since only / would be varied.

Measuring setup and experimental results

To verify our proposed idea, several samples have been fabricated on the SOI substrate with thermal
tuning units. A thermal tuning unit is consisted of a contacting electrode and a heating electrode. The
details of device fabrication are presented in the method section. The top view of our fabricated device
is demonstrated in Fig. 4. It is worth to notice that two additional output waveguides are introduced
to monitor the alignment between the lensed fiber and the tested sample. The driven voltage is applied
upon the contacting electrode directly by two metal probes. The underlying heating electrode is used to
heat the upper waveguide branch in the VAS with a direct current, leading to an additional phase shift.

Since the quasi-TE mode is excited in the waveguide, the emitted SV beams are azimuthally polar-
ized"”. An effective method to identify the value of the topological charge of such vectorial beam is
by interfering with a coherent right-hand circularly polarized (RHCP) or left-hand circularly polarized
(LHCP) beam. The interference profile has a spiral pattern of [ - 1 (RHCP) or [+ 1 (LHCP) arms,
respectively.

Figure 5 shows the measuring setup. A polarization controller (PC) subsequently after a
continuous-wave laser (CW laser) is applied to ensure a quasi-TE mode excitation in the waveguide of
the integrated emitter. Then the beam with desired polarization is divided into two beams by a coupler
with the energy ratio of 99:1. The larger one is connected to the lensed fiber and then coupled to the
integrated device, while the smaller one is tuned into a RHCP or LHCP planar beam with a collimator,
a polarizer, and a quarter-wave plate (QWP). Due to the large coupling losses between the lensed fiber
and the waveguide, more power is coupled to the fabricated device deliberately as described above, mean-
while a variable optical attenuator (VOA) is used to balance the energies of the two interfering paths
additionally. The phase shift difference Af,—A#6, is achieved by thermal-optic effect in the experiment.
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Figure 5. The schematic of our measuring setup .

A driven voltage is applied upon the two ends of contacting electrodes on the integrated device by an
electric power source.

Three resonant wavelengths (A= 1533.74nm, 1552.42nm, and 1572.10nm) are selected and the cor-
responding topological charge is /=5, 4, and 3 according to the results in Fig. 2. The measured results
are summarized in Fig. 6 and there are three columns. The first column shows the original profiles
without applying voltage. The SV beam indeed has 2|I| bright radial intensity fringes distributed around
the center as standing wave along the azimuthal direction, which is corresponding to the case with the
amplitude ratio of r=0. With relatively low applied voltages (8.7V, 6.8V and 7.3 V), the intensity profiles
are blurred to become rings as expected and shown in the second column. Each SV beam is tuned to be
propagating wave along the azimuthal direction. After interfering with the RHCP beam, the measured
value of the topological charge of each SV beam is verified to be [,, = I by the interference profiles as
shown in the third column. According to equation (7), these are for the case with the amplitude ratio of
r=—1. With relatively high applied voltages (14.3V, 13.4V and 13.7V), the intensity profiles are blurred
again. But the measured topological charge for this case is verified to be ,,= —I by the interference
profiles with the LHCP beam. The corresponding amplitude ratio is r= 1. All these results indicate that
the OAM of the SV beam could be dynamically tuned by varying the amplitude ratio r of incident beam.

Discussion

Considering a pure vortex beam radiated from the OAM emitter introduced by E_,,, the corresponding
OAM is Ih per photon. The WGM order, in consequence of wavelength, would determine the topological
charge I. Thus tuning the wavelength of incident beam could vary the OAM of the pure vortex beam
and it is also the only method actually. The radius of a pure vortex beam is linear proportional to the
absolute value of topological charge? so that the wavelength determines both the OAM and the beam
radius, i.e., the geometric distribution of intensity. Thus, the variation of OAM carried by a pure vortex
beam is inevitably accompanied with varied geometric distribution of intensity.

Fortunately, there is no such limitation for the generated SV beams. A radiated SV beam is composed
of two concentric collinear beams with equal but opposite topological charges so that the radius of the
SV beam is independent of r and only determined by I Fig. 7 shows the relation of the beam radius
(location of intensity maxima) of SV beam and I. The amplitude profiles of radial components of radiated
SV beams with /=1, 3, 5, and 7 are also presented for more clarity. It is obvious that the beam radius
is only determined by I and is independent of r. This characteristic of SV beams could also be obtained
from the experiment results shown in Fig. 6.

To analyze the OAM carried by SV beam, OAM flux is numerically calculated. The OAM flux of a SV
beam, which is the flow of OAM across the focus plane, could be derived as®

M, :—Re

r

d d d
—j [[ pdpd B*—E +E,—B; — E,——B; + Bj——E
Jffppw[ g S0 B ]

(8)
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Figure 6. The measured intensity profiles of original SV beams (first column), SV beams with applied
voltage (second column), and the interference patterns with a RHCP or LHCP beam (third column). The
profiles are obtained with resonant wavelengths of A= 1533.74nm, 1552.42nm, and 1572.10 nm, respectively.

For certain power of incident beam, the calculated OAM flux is normalized as M, /M,_,,_ , to
describe the evolution of OAM with varied r and I. As a concrete example, r==+1, £0.5, £0.2,0 and
1=17 are firstly considered. The numerical results on the basis of equation (8) are shown by the discrete
solid circles in Fig. 8. Meanwhile, according to equation (7), the normalized OAM flux with /=7 could
be deduced as:

2r
EN (9)

The prediction by equation (9) is also shown by the dashed line for comparison. The numerical results
are consistent with the prediction of equation (9) and the OAM flux of SV beam could be continuously
tuned in the range from —M,_,;,_, to M,_,,_, by varying r. Moreover, the normalized OAM flux is also
numerically calculated for /=3 and 5. The numerical results on the basis of equation (8) with /=3 and
5 are shown in Fig. 8 by discrete hollow circles and solid squares, respectively. Similar to equation (9),
continuously varied r (—1~1) is also considered for /=3 and 5 according to equation (7). The predictions
could be deduced as

Mr7l:7/Mr:17l:7 =
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Figure 7. The beam radius p of radiated SV beam versus . (a) (b) The amplitude profiles of radial
components of radiated SV beams with /=1, 3, 5, and 7.
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Figure 8. The normalized OAM fluxM, /M, _,,_, is tunable by varying r, with I=3, 5, and 7 respectively.
Different I corresponds to different beam radius p, i.e., different geometric distribution of intensity. With
1=3, 5, and 7, the numerical results are shown by discrete hollow circles, solid squares, and solid circles,
meanwhile the predictions are shown by the solid, dotted, and dashed lines, respectively.
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Mr,l:3 Mr:1,l:3 2r Mr:1,l:3
Mr,l=3/Mr=1,l=7 = =
M, 3 M,y re+ 1My, (10)
and
M, s M,_ s 2r M,y s
Mr,l:S/Mr:1,1:7 = =3 .
M, s M,y re 1My (11)

The predictions with /=3 and 5 are also shown in Fig. 8 by the solid and dotted lines, respectively.
Without any surprise, the numerical results match the predictions indicated by equation (10-11) per-
fectly. The normalized OAM flux could be tuned by varying r for all cases of =3, 5, and 7.

More importantly, there is a gray zone in the figure. Within this zone, for any desired value of the
OAM flux from —M,_,;_; to M,_,;_3, three different radius (874.3nm, 1331.4nm, and 1778.6nm)
could be freely selected. That is to say that the geometric distribution of intensity can be independently
selected with any desired OAM flux in the gray zone. On the other hand, for any one of the three radi-
uses, it is also available to continuously tune the OAM flux in the gray zone. Thus, the OAM flux can
be independently tuned with defined geometric distribution of intensity. Above all, for a SV beam with
given power of incident beam, the OAM flux in the gray zone and the geometric distribution of intensity
could be independently selected. However, it is worth to notice that this principle only works efficiently
in a certain range (the gray zone in Fig. 6 for example). It is due to the fact that the OAM variation range
of a radiated SV beam with certain [ is limited, as shown by equation (7).

In conclusion, generating SV beam with tunable OAM is demonstrated both in simulation and exper-
iment. As a concrete example, with [=3, 5, and 7, the beam radius (874.3nm, 1331.4nm, and 1778.6 nm)
and the OAM flux (from —M, _,;_; to M,_,;_;) could be independently selected. The strong dependence
between the OAM flux and the geometric distribution of intensity is successfully decoupled.

We believe that this special characteristic may open up the opportunities for a wider range of applica-
tions. For example, it would be easy to integrate this compact device into the microfluidic experimental
platform for particle manipulation. The OAM determines the rotating velocity of particles due to the
scattering force and the geometric distribution of intensity determines the area where the optical gradient
force, which leads to the optical confinement, exists'®. Thanks to the result that the relation between the
OAM and the geometric distribution of intensity is decoupled, the ability and flexibility of manipulation
would be dramatically enhanced.

Method

Simulation detail. The finite difference time domain (FDTD) method is employed to numerically
calculate the performance of our proposed device. The width and the height of waveguides are 220nm
and 500 nm, respectively. The outer radius of ring cavity is 5pum and the gap distance between the bus
waveguide and ring cavity is 60 nm. 43 grating elements are located around the inner sidewall of the ring
cavity, exceeding 100 nm from the surface. The width of the elements is as well as 100 nm.

The power spectrum in Fig. 2 is obtained through a circular plane with radius of 5.5um, which is
1pm above the emitter. The amplitude profiles, phase profiles and the Poynting vectors in Fig. 3 and
Fig. 7 are obtained from a focus plane 2.5pm above the emitter. The original data for OAM flux calcu-
lation in Fig. 8 is also obtained from the same focus plane.

Fabrication and measurement detail
The integrated device is fabricated on a 220nm SOI chip. The structure of the emitter is the same with
the simulation described above. The coupling length of the direction coupler in the VAS is 7 pm with a
gap of approximate 50 nm. After EBL and ICP, a 600 nm-thick layer of SiO, is developed on the top layer
by PECVD as protection. The heating electrode of titanium is firstly added on the SiO, layer by vacuum
evaporation, with the thickness of 100nm. Subsequently, the contacting electrode of aluminum is then
added, with the thickness of 300nm. The section of heating electrode which is right upon the upper
waveguide branch is 8um wide and 500pm long. The total resistance of the thermal tuning unit is
around 3000 2.

The CW laser involved is Santec TSL-210F and the detector is Agilent 8163 A. The objective lens
(Nikon T Plan) is of 50x magnification, with a 2.2 cm super-long working distance. The infrared camera
is provided by Electrophysics with the model of 7290 A and the electric power source is Agilent B2901A.
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